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Field of the mveation 

The present invention relates to optical fiber telec^mimjittcation systems End to optical fiber 
5 amplifies which are employed in sucb. systems. 

Background of the invention 

Fiber amplifiers provide gain by the stimulated ^Mission of radiation. A fiber amplifier typically 
includes a gain fiber, tiie core of wluch includes active dopant ions. A signj J to be amplified as 
10 well as a pump signal are provided to the fiber core, and a wavelengtih division multiplex^' 
(WDM) coupler can be used for this purpose. The pump signal is typically gaoerated by a laser 
diode. 

The amplifier gain is related to the amount of pump power coupled to flie i;ain fiber. Also, &e 
15 output power of the amplifier itjfluenoes the JSrequency response of the amplifier to signal 
modulation. In particular, as the output power increases, the amplifier becones less effective for 
low fiiequency components of the input signal. The amplifier has a ligh pass frequency 
response, which shifts towards higher fi-equencies for increased ou^UJ: power. The low 
frequency respcojse is dependent on the time constant of the amplifier, whici;, is influenced by the 
20 intrinsic time constant of the erbium doped fiber (approxi33aateIy ICtais), tiie effective area of the 
fiber and the power levels. 

There are, however, increasmg power demands on optical amplifiers for use in "WDM 
(wavelength division multiplex) optical communicationsi systems. In these :>7stems, a numbo" of 
25 optical diannels are located in close proximity across an operatitig bandwidtib of the system, for 
example covering wavelengths of 1530 to 1610 nm. As the number of ctannels increases, the 
total oMiput power requirements of the amplifier increase, and it is more difficult to keep cross 
talk between channels to acceptable levels, 

30 Good overlap between the pump and signal field distributions and the erbilim doping in the core 
is desirable. This can be accomplished by providing the gain fiber witii a ;.«latively small mode 
field diameter (MFD), a characteristic that causes the optical power to be conceatmted in a 
relatively small area along the fiber axis. This increases the field intetsity for fixed output 


powers aad improves perfonnance, particiilarly at low pump powers. A "tigh gain" or "high 
efRcieacy" fiber can be aohiefved by employing a relatively large refirajcti\e index difference 
between the core and cladding and a relatively small core diameter. Typioall> , the MFD for high 
efficiency fibers is less than the MFD of standard telecofflmunication fibers, by a fector of at 
5 least 1,5:1. Conventional telecommunication fibers typically have mode field diameters in the 
range of 9 |jm to 1 1 i^m for Kght at 1S50 nm. 

Amplifier fibers are typically designed to ensure single mode operation of the fiber at the signal 
and pump wavelengttis. Typically, the pump signals have a wavelength of S'SOnm and/or in the 

10 range 14S0-1500nin, and the fiber is therefore designed to have a single mode cut-off 
wavelength below 9S0nm, so that for all wavelengths at or above 980nm, thij fiber operates as a 
single mode waveguide. Low baiding losses are desired at the longest signal wavelength, and 
the requirement for single mode operation below 980nm (for example at 97Cinm) and good bend 
performance at long wavelengths forces the use of small mode field di.'imeter fiber with a 

15 relatively large refi:active index diSerence. The bend performance of the fiber is improved by 
increasing tb,e index difference betweea the core and cladding, while reducing the core diameter 
to maintain the cut-off wavelength at the required value. 

One problem with the use of an amplifier using this conventional type of doped fiber» which 
20 occurs particularly at high operating powers, is the corruption of low fi:eqU€acy signals. This is 
aggravated by the low mode field diameter of cosxventional amplifier fioer, which tends to 
increase the low fi-equency attenuation. Systems using optical signals in ihe SONET or SDH 
format have relatively low firequency components. Some implraientations of optical 
communications systems also use a low fi-equency analogue maintenance channel This is a low 
25 modulation depth amplitude modulated signal which is superimposed over ihe signal data. This 
maintenance channel has a lower data rate than the signal and can fherefoj-e be read using low 
speed electro-optic circuitry. However, the low data rate of tlais maiateoance channel makes it 
vulnerable to the poor low frequency response of convaitional amplifiers at hi^ operating 
powers, 

30 

Snnamary Of The Invention 

According to the invention, there is provided an optical amplifier comprising a doped fiber core 
and a cladding layer surrounding the core, the mode field diameter of the fiber being greater than 


8 ]xm and, the refractive index difference between the core and the cladding layer being selected 
such that the cut- off wavelength at which the fiber becomes single mode lies ia the range 1000- 
1550nm. 


5 The amplifier of the invention uses a large mode field diameter fiber, which niduces the intensity 
for a specified output power. This results in redmied filtering of the low fi:ei[aaioy components 
of the signal. The large mode field diameter worsens the bend perfoimancecf the fiber. Instead 
of reducing the refi-active index diffesrence to a level where tiie fiber is single mode at 980mn, tJie 
refractive index difference is instead selected to provide angle mode opejration at flie signal 

10 wavelength. In particular, the refractive index difference betweea the cere and cladding is 
selected such, that the fiber is multi-mode at 980nm, 

The pump source (or sources) is/are preferably in the wavelength range 1450 - ISOOnm in order 
for the fiber to provide single mode operation at the pump smd signal wai^elengfhs, although 
15 single mode operation at the pump wavelength is not essential. The op«:atioa of the amplifier is 
tlierefore closer to the cut-off wavelength, which reduces the population invtsrsion at the edge of 
the core. Low intensity at the core-cladding boundary can be addressed by confining the tare 
earth (erbium) to the cento: of the core, For high power applications, the impact of Ms edge 
effect is small. 

20 

Preferably, the out- off wavelength lies between 1000 and 1450nm and the mode field diameter 
is between 10 and 14|am. The amplifier is preferably for use with a pjmp operating at a 
wavelength between 1300 and 1450mn. 

25 The invention also provides a multi-stage amphfier wifii different fiber tyises, the large mode 
field diameter fiber of the invention being at the high power output end of Ihe amplifier. Thus, 
the amplifier may comprise multiple fiber sections, a first fiber section beiag positioned at the 
input of the amplifier, and a second section being positioned at the output of the amplifier, 
>\^erein the second fiber section comprises a doped fiber core and a claddir.g layer suitouoding 

30 the core, tiie mode field diameter of the fiber being greater than 8 pm, and the magnitude of the 
radial variation of refi-active index difference between the core and fiie cladding layer being 
selected such that the cut- off wavelength at which the fiber becomes sin^jle mode Hes in the 
range lOOO-lSSOnm, and wherein the first fiber section has a lower mode fit Id diameter than the 


second fiber section. 

The amplifier of lke invention is preferably med in an optical transmissioa system tiaving a 
transmitting node, a receiving node and an optical fiber link between the nodes, wherem the link 
5 includes one or more amplifying repeaters, each comprising an ampMer of tha invention. 

Brief Pescriptiott Of The Drawings 

Examples of the invention wiU now be described in detail witli reference to the 
accompanying drawings ia which; 
10 Figure 1 is a schematic illustration of the reftaclive index profile in conventional 

amplification fiber and in ampUfication fiber of the invention; 

Figure 2 shows how bend losses are influenced by the fiber design parameters; 
Figure 3 shows a first fiber amplifier according to the invention; 
Figure 4 shows a second fiber amplifia: according to Uie invention; and 
15 Figure 5 shows an optical communications system using the amplifier of the invention. 

Detailed qescription 

Figure I shows schematically the refi:active index profiles for variotis types of fiber. Figure lA 
shows the profile for conventional ampMfication fiber, in which a relatively raarrow core is used, 
20 giving a mode field diameter of around 4 to 6 |im at 1550nm. This gives low noise and hi^ 
efficiency operation and also ensures single mode operation for the pump an<l signal wavelengths 
of mterest, The small mode field diameter results in higher intesnsity signaL; which improve the 
efficiency of the amplifier. The fiber has a relatively higli refractive index differaace between 
the core and cladding. 

25 

An optical amplifier essentially has a high-pass filtering res^sonse, and one problem with the 
conventional fiber design used in optical amplifiers is that the small mode field diameter results 
in significant low firequency signal att^uation at high power levels, wHch can adversely affect 
low fi-equeacy signal components or low firequency channels, such as analogue maintenance 
30 channels. 


One possible solution to this problem is to reduce the signal intensity in tht fiber, by increasing 
the mode field diameter, Thus, a profile as shown in Figure IB may be achieved The larger 

4 


core diameter gives rise to increased mode field diameter. However, in ordei to maintaia single 
mode operation at the waveleag&s of interest, the refractive index dififemice loust be leduced, as 
shown schematically. Single mode operation will typically be desired above wavelengths of 
980nm, as 980tim pump sources are frequently used. 

5 

The use of this fiber gives rise to poor bend performance, as a result of the low refiactive index 
diflference. 

Figttre 2 shows how bead losses are influenced by the fiber design pa«imeSers. As shown by 
10 arrow 10, a reduction in the refractive index difference, which is required to maintain single , 
mode operation, worsens bend performance. However, increasing the single mode cut-o£F 
wavelength "Ki tends to improve the bend performance as represented by airov 12. 

The invention provides an amplifier with a fiber having increased mode field diameter, in order 
15 to reduce low frequency attaauation, and with increased siagie mode cut off wavelengthj to 
improve bend peifonnance and the mode confiixement. This increased smgle mode cut-off 
wavelength results fiom the increased refractive index difference, as shown m Figure IC, when 
compared with the profile of Figure IB which maintains single mode operation to lower 
wavelengttis. 

20 

In particular, the mode field diameter of the fiber is greater than 8 and the refractive index 
difference between the core and the cladding layer is selected such ttiat the ciit- off wavelengtti at 
which the Mbesc becomes single mode lies in the range 1000-1450nm. Use of a cut-off 
wavelength between lOOOnm and 1450nm avoids mode coupling problems, and ensures an 
25 acceptable field uniformity across the core. 

As one preferred example, ttie mode field diameter lies in the range 10 to 14 |jm and the single 
mode cut off wavelength lies in the range 1300-1450ma. This means ths fi,ber is no longer 
single mode for the 980nm pump wavelength, wliich may complicate the ise of dSOnm pump 
30 sources, liistead, 1480nm pump sources may be used. Single mode 1480iim pump diodes are 
available with comparable or higher output powers than equivalent 980nm d<!vices> 

The increased single mode cut-ofiT wavelength means the amplifier will ope-ate nearer to the cut 

5 


off wavelength, wluch reduces population inversion at the edge of the rare earfh doped core. 
The invention provides an anxpUfier design for Mgh power operatioB (for example as a result of 
the total number of WDM channels), and at high power operation, fox example lOOmW 
(+20dBm) this effect becomes negligible. The reduced intensity gives risu to a longer lime 
5 constant which thereby reduces the attenuation or distortion of low frequency components.. 

Figure 3 shows a first fiber amplifier according to the invention. An ii^Ut siijaal is provided by 
input fiber 14 and an output is provided on output fiber 16. The rare eattia dcped fiber amplifier 
is represented as 18. In the example Shown, the fiber ampUfier is co- and «iounter-pumped by 
10 pump sources 20,22, which operate in the wavelaigth band I450-1550nnx. The pump light is 
coupled with the signal on the main signal carrying fiber using WDM couplers 24. 

Figure 4 shows a second fiber amplifier according to the invention. Where th j same coniponents 
are used as in Figure 3, the same reference numbers are used, and the desciipiion is not repeated. 

15 The rare earth doped fiber amplifier 18 comprises first and second fiber sestions 18a,18b, the 
first fiber section 18a being positioned at the input of the amplifier, and the second section ISb 
being positioned at the output of the amplifier. Figure 4 shows the two fibsr sections coupled 
directly together, altliough there would typically be additional components, such as an isolator, 
gain fiattening filter, pump multiplexer inserted between, The second, fiber section 18b is 

20 designed with the increased mode field diameter and increased cut-oflf waveloigth, whereas the 
first fiber section 18a has a lower mode field diameter than the second fibe* sectioiL The first 
fiber section 18a may comprise conventional low effective area amplifier fiber. This design 
places the new fiber design at the high power end of the amplifier because, as described above, 
high power operation is required to ensure that the large effective area fiber luidergoes sufficient 

25 population invasion. 

Figure 5 shows the amplifia- of Figure 3 or 4 used in an optical transmission system. The system 
comprises a transmitting node 26, a receiving node 28 and an optical fiber link 30 between the 
nodes. The link 30 includes one or more amplifying r^eaters 32, each comprising an amplifia 
30 as described above. 

The fiber used in the amplifier of the invention may comprise rare earth doped conventional 
transmission fiber. The fiber may comprise an annular core, in which the ::are earth doping is 
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confined to a relatively high field region in the center of the fiber. 

Tlie increased fiber cote diameter will improve splice losses associated witti the cojmeotion of 
the amplifier into conmunioatioiQS systems. In particulai", the fiber used in the amplifier may 
5 bave the same core and cladding dimensions as the conventional transmissic n fiber used in the 
remainder of the system. 

A more detailed example of a specific fiber configuration suitable for use in the ampMer of the 
invention will now be given, with reference to an example of the specific characteristics required 
10 of the amplifier. 

It has been shown in C.R.Giles and E. Desurvire, "Modelling erbium-doped fiber amplifiers", J. 
Lightwave Technology, vol. 9, no. 2, Feb 1991, &at a short section of ttie medium respondg 
as a single-pole low-pass filter with a comer fi^quency of; 

15 



where is the time-averaged power in each chamiel k, jp^,"" is the fiber saturation power a* the 
wavelength of tiie channel k and t is the excited state lifetime. This is an approximation which 
20 does not take account of the variation in power within a fiber amplifier. 

Increasing the mode field diameter increases the fiber saturation power. Indeed, doubling the 
mode field diameter increases the fiber saturation power by a fector of 4, which reduces the 
comer fi-equency significantly. This in turn redwses the transmission toss at the channel 
25 frequency, which is important in long reach systems where both pre- and post-amplifiesrs are 
present and with many line amplifiers used in each link. 

Typical parameters for step index profiles fibers with alimnnosilicate or germania'* 
aliuninosilicate core are given below: 

30 

Conventionat fiber fas schematicaUv shown in Figure 1 A) 
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Mode field diameter at ISSOnin; 


5,5nni 
920om 


Theoretical fiber cut-ofiF wavelength: 
Core-cladding refractive index difference: 
Core radius: 


0.021 


1.42nm 


5 


Large area fiber for use hi the amplifier of the inveation (as schematically sho rn, in Figore IC) 


The erbium concentxatioii may be adjusted so that the ahsoiptioii at 1530am is in the range 
2dB/m to 25dB/m. The erbium concentration is not usually critical, and 'will be selected as a 
compromise between incireaeed background attenuation for Jong fiber leng&fj, against a possible 
15 loss of efficiency, for example due to excited state absoiption from erbium ioa clustering, at very 
high concentrations. By way of example, the comer frequency may be des-igned to be around 
51iHz for a modulation fiequency of lOOIdflz. 

Although not described or shown above, various components may additioially be used within 
20 fee amplifier to reduce backward propagating ASE, for example buried isolators and filtera. 
There are mmeroxis pmnping sch^es which may include interaiediate coupling of pump light 
into the amplifier at a location between the ends of the fiber. All of these possibilities can be 
employed in the amplifier of the invention, and will be apparent to those skiUed in the art. 


Mode field diameter at I550nm: 


llfxm 
1550nm 


Theoretical fiber cut-off wavelengttii 
Core-cladding refiractive index diffCTence: 
10 Core radius: 


0,004 


5.5tJm 
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